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MANUFACTURING AND USE OF MICROPERFORATED SUBSTRATES 

Field of the Invention 
This invention relates to methods and devices for the production of micro-perforated 
substrates and their application in analysis and detection systems based on artificial and biological 
lipid membranes. 

Background of the Invention 
Many biological, physical or chemical analysis methods are based on lipid bilayers and 
biological membranes, respectively. Some of these techniques require the direct access to specific 
parts/patches of the membrane being usually ca. 0.1 - 100 um (um .. 10"^ meter) in diameter. 
Examples are electrophysiological techniques such as Patch Clamp and Black Lipid Membrane 
(BLM) analysis. For the standard patch clamp, such parts/patches of the membrane have been 
exclusively accessed by sealing a micro pipette against the cell membrane. Access to the membrane 
patch beneath the pipette is then directly provided through this pipette. The remaining membrane area 
outside the pipette is usually accessed through the solution in which the cell is immersed (B. Sakmann 
and E. Neher, Ed., Single-Channel Recording, Plenum Pub. Corp.; ed. 1, 1983). In the case of 
artificial lipid membranes (e.g. BLM), thin and perforated insulating sheets separating two fluid 
compartments have been used to carry the membranes in such a way that they cover the hole and 
consequently can be independently accessed from both sides (Mueller et al., J. phys. Chem., 67, 534 
(1963)). 

Lately, micromachined planar solid substrates (also called 'carrier') made of sheets of 
insulating materials such as silicon/siliconnitride (PCT patent application WO1998IB0001150), glass 
and plastics have replaced the classical tools for directed membrane access such as micropipettes (as 
in patch clamp) and Teflon^M septa with conventional holes (as for BLM). Advantages include a 
much simplified handling during analysis, higher stability, better electrical parameters as well as the 
possibility to mass manufacture the new membrane carriers. 

However, due to the specific needs of carriers for electrophysiology such as the ability to 
easily manufacture holes as small as 0.1 - 10 um in ca. 2 - 200 um thick insulators, current standard 
techniques used for micromachining may not provide a suitable approach to the production of 
inexpensive but high quality membrane carriers. The use of controlled and thermally supported 
dielectric break down phenomena provides a new way of creating micro holes in insulating materials 
that serve as membrane/cell carrier. 

Summarv of the Invention 
The present invention provides devices and methods for the creation of micro holes in 
insulating substrates and their use for the independent access of at least two - usually opposite side - 
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membrane areas. The machined substrates are consequently appUcable as replacement of e.g. standard 
patch clamp pipettes and BLM septa. The invention uses the well known effect that at a critical 
electric field strength across insulating substrates a dielectric break down (DEB) occurs which creates 
a track through this insulator. Using strong electric fields allows to also perforate thicker substrates. 
Adjusting/limiting the current and time during the DEB controls the track thickness, which can be 
adjusted to be precise even for holes with less than 1 um diameter. Since both parameters, field 
strength and maximum current, can be independently controlled, tracks with high aspect ratios can be 
produced. Controlling the gas pressure and gas composition as well as the substrate properties 
(surface and bulk) during the DEB process provides the means for (quasi) simultaneous physico- 
chemical surface modification of the substrate due to the partial ionization of gas and surface 
components. This may be advantageous in cases where tight membrane adhesion to the 
substrate/carrier surface is required. 

The invention also provides devices and methods for the creation of micro holes in materials 
usually not or difficult to machine by DEB such as glass and crystalline materials (e.g. quartz). Here 
the invention uses a combination of controlled heating of the substrate and DEB to achieve holes 
and/or channels in the substrate. Focal heating of the substrate makes it possible to define precisely 
the substrate location where DEB will take place. Varying the substrate temperature and temperature 
distribution provides additional means for controlling the hole and/or channel properties. 

An important advantage of the described DEB methods and devices for controlled perforation 
is their applicability to most insulating materials. Because of the possible high aspect ratio of the 
produced track as well as the large choice of materials, membrane carriers with excellent electrical as 
well as membrane adhesion properties can be easily, quickly and inexpensively made. 

The foregoing and other advantages and features of the invention, and the manner in which 
the same are accomplished, will become more readily apparent upon consideration of the following 
detailed description of the invention taken in conjunction with the accompanying examples, which 
illustrate preferred and exemplary embodiments. 

Brief Description of Figures 
Figure 1 illustrates a typical embodiment of the device for DEB perforation of this invention; 
Figure 2 illustrates a typical embodiment of the current-voltage control of the device for DEB 
perforation of this invention; 

Figure 3 shows microscopic images of micro holes created polypropylene and glass substrates; 
Figure 4 illustrates an embodiment of a device used for electrophysiological measurements with 
biological (lipid) membranes using the carrier device of this invention; 

Figure 5 illustrates an embodiment of a device used for electrophysiological measurements with 
biological cells using the carrier device of this invention. 
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Detailed Description of the Invention 
The device and methods of this invention can be used for the creation of hole and tunnel like 
structures in insulating substrates, in particular useful for electrophysiological and other 
measurements and set-ups where independent access to parts of biological membranes and cells is 
required. 

The creation of high aspect ratio hole (i.e. 'tunnel' or 'channel' like) structures in insulating 
or semiconducting substrates with current micromachining tools such as reactive ion etching or laser 
ablation is difficult, expensive and in most cases limited by size and geometry. However, for hole 
structures in insulating carriers used for the independent access of membrane parts, as e.g. patch 
clamp or BLM measurements, the precise location of the hole structure is less important compared to 
e.g. microelectronic circuits. Also, the hole diameter can vary within a rather large range (e.g. up to 
50%) for the intended biological applications without significantly impacting the experimental quality 
and results. The possibility to create the hole or tunnel like structure at a largely arbitrary position at 
the substrate/carrier area reserved for membrane/cell access with only a roughly defined diameter 
provides the basis for the application of micro machining techniques that have lower precision than 
. standard micromachining techniques. 

A physical phenomenon that can be used to create small high aspect ratio holes, but lacks 
otherwise high precision required for e.g. microelectronics, is "dielectric break down" (DEB). This 
phenomenon occurs in insulators in electric fields (e.g. insulators sandwiched between two 
electrodes) when the applied voltage and electric field strength, respectively, increases to values 
where an "insulator-to-conductor" transition occurs. Due to Ohm's law I = V x R (I current, V .. 
voltage and R .. resistance), a sudden increase in current, and consequently power dissipation P = R x 

, between the electrodes and through the insulator is caused by a significant reduction in electrical 
resistance. Along the current path insulating material is transformed or removed ('burned') which can 
lead to the appearance of hole or tunnel like structures. This phenomenon is well known for decades 
and mostly a parasitic effect in high voltage circuits or sensitive electronic components as e.g. FET 
transistors (gate electrodes). It has also been used in industrial environments to e.g. perforate thin 
plastic packaging sheets to permit gas exchange. 

DEB has been used in the past for the creation of small holes (ca. 15 um minimum) in plastic 
substrates for BLM measurements. However, due to the employed DEB devices and methods, which 
did not allow for a precise power control (i.e. control of voltage, current and pulse duration) during 
and after DEB, micro holes with reproducible diameters below 20 um where not achieved. But micro 
holes below ca. 15 um diameter are required for carriers for patch clamp like measurements (cell size 
usually < 25 um) and stable and commercially usable lipid membrane (Note: the BLM stability is 
inverse proportional to the membrane diameter) devices. Until now, DEB has not been used before in 
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a defined and controlled manner for reproducible micro-structuring of insulating substrates intended 
to carry small (i.e. less than ca. 15 um) biological membranes or objects thereof at the micro-hole site. 

DEB structuring can be applied to essentially any insulating material, since all insulators 
show at some specific electric field strength a full or partial transition into a conducting state. 
Consequently, a wide selection of substrate materials exists allowing for an optimal selection of 
substrate/carrier parameters such as membrane and cell adhesion and electric/dielectric properties. 
Because the insulator-to-conductor transition field strength decreases with increasing insulator 
temperature, the DEB method can be extended - in particular for materials where the break down 
point is difficult to achieve or side effects come into play - by a thermal support of the DEB process. 

The invention claims the particular use of this themially supported DEB process. For 
materials difficult to perforate by DEB under ambient temperature conditions, such as e.g. glass and 
quartz, a heat source is added to the perforation device (Figure 1). Heating the substrate can achieve 
the following: (I) reduction of the necessary DEB voltage caused by a lowered electrical resistance of 
the substrate due to a positive correlation between substrate temperature and resistance and (11) 
softening (up to the point of melting) of the substrate material. Temperature based softening of the 
material, which may include phase transitions of the substrate material, is furthermore a method to 
produce largely round holes with partially or fully smooth walls and surroundings. The intrinsic 
surface smoothing effect is an important part of this invention and caused by the surface tension of the 
softened substrate material. It is controlled by temperature adjustment during the DEB process. 

The heat source can apply heat in different ways. It is possible to apply heat from one or both 
sides of a largely planar substrate. Suitable heat sources are e.g. lasers (e.g. infrared laser for glass), 
heating filaments (Figure IB) and flames. Due to the fact that flames consist of (partially) ionized gas 
molecules and consequently have a higher electrical conductivity than cold gas (e.g. surrounding air) 
they can be used as an electrode for the voltage application during DEB (Figure ID). For this reason a 
metal or other electrically conducting part which is in contact with the flame (e.g. the metal opening 
of the burner releasing the flame) is connected to the DEB voltage source. 

The invention claims the use of directed and locally restricted heating of the substrate with 
the goal to induce locally the above described heating effects and consequently direct the location of 
the DEB process on the substrate. As an example, the flame of a gas burner is focussed and positioned 
at the substrate surface where the hole is to be created (Figure ID). Similarly a laser spot can be 
positioned at the substrate surface (Figure IC). The combination of high precision laser spot 
positioning and normal DEB defines a device and method for high precision DEB micro-perforation. 

The invention claims that adjusting the substrate temperature to specific levels or ranges is a 
way of controlling the hole/channel properties. This becomes immediately clear considering the 
differences in viscosity, surface tension and electrical resistance of the substrate material at different 
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temperatures. Also the control of the heat distribution across the carrier is an additional method to 
modulate the DEB outcome on the hole/channel properties. 

Substrate heating and DEB can be combined in various ways to achieve the desired 
holes/channels and surface properties. The invention uses most commonly: (I) heating of the substrate 
to a preset value and consequent application of the DEB voltage and (II) application of a specific 
DEB voltage and heating of the substrate until DEB occurs. In both cases, heat and voltage may be 
reduced after DEB with or without a delay in a way suited for the process, e.g. abrupt reduction or 
'fading' out. 

To manufacture holes with a precise diameter by DEB the energy dissipation during and after 
DEB must be accurately, controlled. Because the dissipated energy is the product of current x voltage 
X duration, all three factors are controlled. Figure 1 shows a possible realisation, in which the voltage 
is controlled by an adjustable and optionally current limiting high voltage power supply. Depending 
on the properties of the voltage source, the current may also be limited by an optional resistor R, 
which is in series with the carrier. The DEB duration is set by a timer which is triggered upon an 
adjustable current level indicating the onset of the DEB process. A possible realisation of a suitable 
high voltage source is illustrated in Figure 2, 

Figure 3 shows micro holes created with DEB in polypropylene and glass substrates as well as 
the current-voltage trace recorded when the trans-carrier voltage was raised to the critical DEB value. 
Smaller holes (diameter < 1 um) were consistently produced by further limiting the current upon an 
increase in the series resistance R. 

The distance between the electrodes and carrier to be structured can be varied. If the 
electrodes touch the carrier ('contact mode'), the necessary DEB voltage is reduced to a minimum. 
However, contaminations and mechanical influences on the carrier deriving from the electrodes may 
occur. Using a gap between the carrier material and the electrodes increases the necessary DEB 
voltage, reduces however the risk of electrode interferences with the carrier surface. It provides 
however the means for a modification of the carrier surface through activated gas molecules. For this 
the gas composition between the electrodes and carrier is controlled in such a way that during DEB 
the ionized gas molecules interact with the carrier surface in a beneficial manner. An example is the 
usage of pure oxygen which leads to the generation of activated oxygen molecules/ions/radicals 
during DEB which in turn can oxidize the carrier surface. Another way to concurrently modify the 
surface during DEB is the prior coverage of the surface with materials that, upon the ionization and 
heating process during DEB, undergo a chemical modification beneficial for the application of the 
carrier (e.g. for better membrane adhesion). The surface properties of the DEB created hole and its 
surroundings can also be controlled by selection of a carrier material that during DEB is fully or in 
part transformed into a material of choice. 
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The electrodes can be surrounded by an insulating material such as PDMS that also tightly 
seals to the substrate surface. This avoids DEB bypassing the substrate and going through the adjacent 
mediuna (e.g. air) and consequently allows to structure also substrates with small total surface areas. 
Another solution is the usage of substrates surrounded by media that have a much higher break down 
voltage than the substrate material itself. 

The combination of advanced DEB micro-structured carriers with means for 
electrophysiological measurements provides the basis for new and inexpensive devices monitoring 
electrical currents through biological membranes. Here the carrier separates two or more fluid 
compartments that are only connected through the DEB produced hole. The biological membranes to 
be analysed are placed on one side (or on both sides in case of bilayers made of two unilamellar lipid 
layers) of the carrier across the hole sealing it tightly. Figure 4 illustrates the usage of a DEB micro 
structured carrier as support for an artificial lipid membrane in a ELM set-up. Figure 5 illustrates the 
usage of a DEB micro structured carrier as support for a patch clamp type set-up with biological cells. 
For such measurements it is required that membranes adhere tightly (forming so called 'giga seals') to 
the surface of the carrier thus avoiding leakage currents bypassing the biological rnembranes. Currents 
measured across the carrier with a sealed lipid membrane across the hole are modulated by the 
behaviour of the hole spanning membrane. 

Figure 1 A is a schematic diagram (side view) illustrating an embodiment of a device for DEB based 
manufacturing of defined micro holes, consisting of the insulating carrier material to be structured (1) 
between electrodes (2); the electrodes can have various forms (2) and distances to the carrier material; 
the electrodes are connected to an adjustable high voltage source (3); an optional series resistance R 
(4) may be connected in series with the electrodes to limit the current during DEB. The voltage source 
may control the DEB process in such a way that the maximum current and the duration of current 
flow after DEB is precisely adjusted. The carrier material and electrodes may be surrounded by a 
controlled gas composition and pressure (5). 

Figure IB illustrates an embodiment of a device as in Figure lA (resistance omitted for 
simplicity) with a modified electrode (6) serving as well as heating element controlling the substrate 
temperature. Li this example the electrode (6) is directly heated by an electric current applied to 
terminals (7). The electrode (6) can also be indirectly heated by surrounding the electrode with a 
suitable heating element. 

Figure IC illustrates an embodiment of a device as in Figure 1 A (resistance omitted for 
simplicity) with the addition of a laser (8, beam indicated as dashed line) used for (local) heating of 
the substrate. 

Figure ID illustrates an embodiment of a device as in Figure lA (resistance omitted for 
simplicity) with a modified electrode (2). One electrode (2) is replaced by a bumer (9) focussing a 
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flame (10) onto the substrate surface. Undesired global heating and deformation of the substrate can 
be avoided by heat shields (11), e.g. Schott CERAN™ plates, providing only restricted access to the 
substrate surface. If the flame outlet of the burner is metallic it can be directly connected to the high 
voltage DEB source. Otherwise the original electrode (2, lower electrode in Figure 1 A) must be 
placed in the flame or near the DEB location. Asynametric heating of the substrate surface (i.e. one 
sided heating) leads to asymmetric holes (Figure 3B). 

Figure 2 is a schematic diagram illustrating a possible embodiment of a current-voltage source 
for controlled creation of dielectric breakdown holes for carriers of biological membranes. The 
operator (1) sets via a computer (2) with attached digital-analog/analog-digital converter (3) the 
voltage (4) and maximum current (4) of controllable high voltage source (6) (e.g. EuroTest 
CPP300304245, Germany). Voltage is applied to the carrier (9) via electrodes (8) and an optional 
current limiting resistor (7). The resistor may be necessary when the internal current limitation of the 
voltage source does not respond quickly enough or large capacitances in parallel to the electrodes 
render the current limitation circuits of the voltage source inefficient for quick response. The current 
through the carrier (9) is monitored by the computer via a current monitoring signal (5) coming from 
the voltage source. Upon dielectric breakdown a timer is triggered that controls the duration of the 
current flow. This consequently sets the electric energy at a given voltage, which is partially 
transformed into heat energy, driving the hole creation process. 

Figure 3A shows a microscopic image (upper picture) of a hole produced with DEB in a 20 
um thick polypropylene (PP) sheet. The hole diameter is ca. 5 um. The lower part shows the current- 
voltage curve (uA — kV) recorded during DEB micro structuring. The parameters were: 
R = 10 GOhm, V = 6.4 kV, Imax = 1 .8 uA and the voltage was raised with dV/dt = 60V / 80msec. 
Voltage was lowered to 0 kV immediately upon DEB. Electrode distances to the PP sheet were ca. 10 
~ 200 um. 

Figure 3B shows microscopic images of holes produced with thermally supported DEB in a 
ca, 170 um thick glass cover slide. The hole diameter is ca. 3 um. The parameters were: 
V = 20 kV, Imax = 40 uA, flame source butane micro torch with flame touching substrate until DEB. 
Voltage and flame were removed immediately upon DEB. Electrode distance to the glass substrate 
surface was 300 um. The micro torch metallic flame outlet was connected to the voltage source. 
Upper picture: torch side of the substrate/hole; lower picture: opposite side of the substrate/hole. 

Figure 4 shows a possible realisation of a device using DEB micro structured carriers for 
electrical membrane measurements. The carrier (1) separates two fluid compartments having any 
shape and boundaries (8, 9) which are only connected through the DEB produced channel (2). One 
side of the chaimel is covered by a biological membrane (3). Upon tight binding of the biological 
membrane to the carrier surface voltages applied through the fluid immersed (redox) electrodes (4) 
lead to a current that is only dependent on the properties of the biological membrane itself. Current 
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voltage measurements may be performed with a suitable device (5) allowing to set the voltage (6) and 
measure the current (7). For some electrophysiological measurements the device (5) may be 
substituted with a voltage measuring device. 

Figure 5 shows a possible realisation of a device using DEB micro structured carriers for 
electrical membrane measurements on biological cells as e.g. patch clamp measurements. The carrier 
(1) separates two fluid compartments (6, 7) which are only connected through the DEB produced 
channel (2). One side of the channel is covered by a biological cell (3). Upon tight binding of the 
biological cell to the carrier surface voltages applied through the fluid immersed (redox) electrodes 
(4) lead to a current that is only dependent on the properties of the membrane of the cell itself. Upon 
removal of the membrane patch covering the hole, the almost entire remaining cell membrane 
contributes to the trans-carrier current (whole cell mode). Current voltage measurements may be 
performed with a suitable device (5), such as a patch clamp amplifier (e.g. Axon Instruments). 
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CLAIMS 



1. A device, consisting of an insulating substrate containing at least one hole, the hole 
being made by a thermally supported DEB process and being of a controlled size so 
that it can be entirely covered by a biological cell or small biological membrane of 
less than 20 micrometer, separating at least two fluid compartments, which are 
accessed by electrodes, in such a way that the fluid compartments are only connected 
through the DEB produced hole in the carrier itself. 

2. A process using DEB in a controlled manner, that is by control of voltage, current and 
time of the DEB as well as temperature of the carrier, to produce small holes of a 
controlled size of less than 25 micrometer in insulating carriers, intended to be 
covered by biological cells or other biological membranes such as lipid bilayers. 
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ABSTRACT 

The invention relates to a device, consisting of an insulating substrate containing at least one hole, the 
hole being made by a thermally supported DEB process and being of a controlled size so that it can be 
entirely covered by a biological cell or small biological membrane of less than 20 micrometer, 
separating at least two fluid compartments, which are accessed by electrodes, in such a way that the 
fluid compartments are only coimected through the DEB produced hole in the carrier itself. 
The invention also relates to a process for manufacturing the previous cited device. 
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Figure lA 
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Figure IB 
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Figure IC 
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Figure ID 
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Figure 2 
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Figure 3A 
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Figure 3B 
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Figure 4 
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Figure 5 
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